Parthenogenetic species are assumed to represent evolutionary dead ends, yet parthenogenesis is common in some groups of invertebrates particularly in those found in relatively constant environments. This suggests that parthenogenetic reproduction might be common in pest invertebrates from uniform agricultural environments. Based on the evaluations of two databases from North America and Italy, we found that parthenogenetic species comprised 45 per cent (North America) or 48 per cent (Italy) of pest species derived from genera where parthenogenesis occurred, compared with an overall incidence of 10 per cent or 16 per cent in these genera. In establishing these patterns, we included only genera containing at least some member species that reproduced by parthenogenesis. The high incidence of parthenogenesis in pest species is spread across different families and several insect orders. Parthenogenetic reproduction may be favoured in agricultural environments when particular clones have a high fitness across multiple generations. Increasing the complexity and variability of agricultural environments represents one way of potentially controlling parthenogenetic pest species.
INTRODUCTION
Sexual reproduction predominates in the animal kingdom (Maynard Smith 1978) and there are many elegant explanations for the advantage of sexual reproduction (Williams 1975; Maynard Smith 1978; Kondrashov 1988; West et al. 1999; Otto & Lenormand 2002) . Nevertheless, in some groups of organisms there is a high incidence of parthenogenetic reproduction (e.g. Welch & Meselson 2000) , and several groups have recently been shown to evolve for long periods of time in a strictly parthenogenetic mode (Welch & Meselson 2000; Heethoff et al. 2007) . Interestingly, parthenogenetic taxa are often associated with ecological factors and, in particular, a lack of disturbance in environments ( Williams 1975; Vrijenhoek & Pfeiler 1997; Kearney 2003; Silvertown 2008) .
Quantitative genetic models show that sexuality is favoured when there are periods of directional selection in environments that vary, whereas asexuality may be favoured under constant conditions (Burger 1999) . This may help explain the high incidence of parthenogenesis in environments such as stable forest soils when compared with other types of habitat . Experimental manipulations support the notion that parthenogenetic species have relatively higher success under constant and favourable areas than under stressful and changing conditions. For instance, Domes et al. (2007) found that parthenogenetic oribatid soil mites suffered more from resource depletion than sexual taxa when tested in microcosms. Likewise, Maraun et al. (2004) found that parthenogenetic mites were more susceptible to mechanical disturbance of soil than sexual taxa. Parthenogenetic invertebrates may also be at an advantage where frequent colonization events occur because populations can be initiated from single individuals, whereas sexual species require the presence of males and females. This could provide an advantage when there is long-distance migration into a favourable or novel environment (Karako et al. 2002; Mondor et al. 2007) .
Both stable conditions and colonization following longdistance dispersal might place parthenogenetic species at an advantage in agricultural landscapes exploited by pests. Orchards, vineyards, pastures, crops and plantations provide relatively uniform environments where ongoing selection for the production of new genetic variants through sexual reproduction is likely to be weaker than in more variable natural landscapes. Some lineages of parthenogenetic species could thrive in agricultural environments at the expense of sexual relatives, particularly given the twofold advantage that parthenogens can have over individuals reproducing sexually (Maynard Smith 1978) .
Here, we test whether parthenogenetic organisms are relatively more common among agricultural invertebrate pests. We link databases on parthenogenetic insect taxa with those on pests, and consider the relative incidence of pests in North America and Italy. Some general implications for agricultural pest control are then discussed.
MATERIAL AND METHODS
A list of asexual insect species was obtained from Normark (2003) . The list was considered complete based on published information and included asexual species identified on the basis of a lack of males as well as cytologically, although there are likely to be many undescribed asexual insects not included in the list. Asexual taxa that undergo a periodic bout of sex (e.g. aphids), often called cyclic parthenogens, were treated here as sexual organisms. Only genera containing at least one asexual species were considered in this compilation because the absence of sex in the other genera might represent a phylogenetic constraint rather than being related to the effects of selection.
We examined the distribution of asexual and sexual species in North America and Italy, where complete lists of insects were available on the World Wide Web. Two web-based databases were used for lists of species in the two regions: www.nearctica.com for North America and www.faunaitalia.it for Italy. These sites were used to develop the lists of species present in the different countries.
We then determined the pest status of the sexual and parthenogenetic species in these lists. The source of information for pest status was the 'Pest Directory', compiled by the International Society for Pest Information (Griesheim, Germany). All species recorded as being a pest were noted and compared to the above lists, regardless of the impact or type or amount of information available for a particular pest. We included all pests listed regardless of whether they were classified as agricultural, garden or forestry pests.
In a few cases, asexual species were undescribed and were not considered in the comparison as they could not be checked against species lists. We then checked to see if there were pest species in a genus. We excluded those genera which did not contain recognized pests because differences among groups might then reflect their propensity to form pests rather than being a consequence of asexual reproduction. We also excluded genera without asexual species in the two regions (North America and Italy) because the absence of asexual species might then reflect biogeographic reasons rather than the potential of asexual or sexual species to be pests.
Some bias is unavoidable in our comparisons. Pest species tend to be common and well studied, and the list of parthenogens compiled by Normark (2003) includes species for which the only evidence of parthenogenesis is a lack of males. If pest species had been sampled more intensively and widely than non-pest species, this might increase the chances of finding males in pest species, and decrease the likelihood of pest species being recorded as parthenogens. Conversely, evidence for parthenogenesis in some species is based on the cultures reared in the laboratory because pests are more likely to be reared successfully in the laboratory than non-pests; this could increase the likelihood of pest species being recorded as parthenogens.
RESULTS
Overall in North America, there were 119 genera across eight orders with asexual species. These figures include only genera with both pest and parthenogenetic species in the region being considered. A full list of the number of species in the different genera is provided in table 1. The genera considered included 2048 sexual species, of which 202 were pest species. For the parthenogens, the equivalent numbers were 220 overall, of which 163 were pest species. The relative abundance of parthenogenetic reproduction among the pest species was therefore high; while parthenogens comprised 10 per cent of the species in the genera selected, they comprised 45 per cent of the pest species in these genera. Because a few genera that have only parthenogenetic species might bias these results, we also examined the distribution of sexuals and parthenogens after removing genera that did not have any sexual species within the region. With this adjustment, the percentage of species that were parthenogenetic overall (8%) was still much lower than the percentage that was a pest (39%).
The relative abundance of parthenogenetic and sexual species across different families for the genera in North America is plotted in figure 1a . The abundance of parthenogens was relatively higher in the pests of all families except in four families where only one pest parthenogen was present (Blaberidae, Dermestidae, Phylloxeridae and Torymidae), in three dipteran families where the incidence of parthenogenesis was extremely low and in the Trogiidae which included two sexual pest species and one parthenogen that was not a pest species. Thus, while the majority of parthenogens are Hemiptera, there is a tendency in most groups for parthenogens to be relatively more common in pests than in non-pests. This is clearly indicated when the incidence of parthenogens in pest species is plotted against the overall species incidence for each family (figure 2). Based on a sign test, there are significantly ( pZ0.001) more families with a higher proportion of parthenogens in pest organisms compared with non-pest organisms.
In Italy, there were 101 genera across seven orders, and are listed in table 2. There were a total of 997 sexua species and 197 parthenogens in these genera with 142 sexually reproducing pests, compared with 133 parthenogenetic pests. The proportion of parthenogenetic species overall (17%) was therefore much lower than the proportion in the pest group (48%). This difference persisted (14% versus 42%) when genera that had only parthenogenetic species within the region were excluded.
The distribution of parthenogens across families in Italy (figure 1b) suggests a similar pattern to that seen in North America. The proportion of parthenogens was higher in pest groups of a range of families. There were five families with only a single parthenogenetic pest species (Chrysomelidae, Cryptococcidae, Margarodidae, Lymantriidae and Psyllipsocidae). Parthenogens were most common in the Hemiptera and the only pest families where sexuals were more abundant were the Trogiidae, Agromyzidae and Adelgidae. As in the case of North America, a sign test indicates significantly ( pZ0.005) more families with a higher proportion of parthenogens among pest organisms compared with non-pest organisms (figure 2).
We also had access to the total number of pest species in families in Italy, and used this information to compute the overall incidence of parthenogenetic pests within those insect families that contained at least one parthenogenetic species. In total, there were 707 pest species in these families, compared with the 133 parthenogenetic species. Thus, the overall incidence of parthenogenesis among families that contained pests and at least one parthenogenetic species was 19 per cent, which is lower than the figure of 48 per cent given above owing to the inclusion of genera in the families that contained no parthenogenetic species.
DISCUSSION
This compilation indicates that parthenogenesis is much more common among insect pests than related nonpest insect species. The same pattern may occur for other groups of organisms. For instance, there are a number of pest mites that reproduce parthenogenetically. These include the earth mites belonging to the Penthaleidae that comprise pasture and crop pests 
(Continued.) (Umina et al. 2004) , the Bryobia mites that are pests of pasture and crop plants ( Weeks & Breeuwer 2001; Arthur et al. in press) and false spider mites that are pests of citrus (Kitajima et al. 2007) . Unfortunately, the mode of reproduction of insufficient numbers of mites is known to undertake a general comparison of the incidence of parthenogenetic reproduction in pest and non-pest mites.
Several factors may contribute to the high incidence of parthenogenesis among pests. The most likely reason is that agricultural environments are stable and uniform with an abundance of resources. In these environments, the same genotype may be continuously favoured by selection; this leads to a selective advantage of some parthenogenetic lineages over a sexual population, whereas sexual reproduction is favoured in variable environments with periods of directional selection (Burger 1999) . Empirical data on invertebrate groups such as oribatid mites support the notion that parthenogens are more likely to have an advantage over sexuals in constant than in variable environments ).
Another factor is that environmental cues leading to sexual reproduction may be absent in agricultural ecosystems. Cyclical parthenogens such as aphids that reproduce sexually on some occasions, but not others, often require specific hosts to trigger a sexual phase and these hosts might be absent, particularly if the aphids have invaded agricultural areas from other regions. If the environmental cues are missing for long enough, then the sexual reproduction might be lost permanently when there is DNA decay in genes essential for sexual reproduction ( Wilson & Sunnucks 2006) . In grape phylloxera, there is also evidence that lineages in viticultural regions away from the native range of phylloxera have become asexual (Corrie et al. 2002) , in contrast to patterns of reproduction where different hosts are available (Downie et al. 2000) .
Finally, sporadic colonization might favour parthenogenesis in ephemeral agricultural crops. Colonization is unlikely to favour parthenogenesis in pastures, perennial crops, forests and orchards, but may be important in some horticultural and broad acre crops that are re-sown annually in a patchy arrangement. Some genetic studies suggest that colonization of these crops by pests might involve only a small number of invaders (Daly & Gregg 1985; Vialatte et al. 2007) , and these invaders may have difficulty in finding mates. However, we suspect that this factor is less important than the others already discussed because many of the groups in table 1 with high numbers of parthenogens-such as the Coccidae, Curculionidae and Diaspididae-are pests of woody plants rather than annual crops.
Parthenogenetic species are often thought to represent general purpose genotypes capable of having a high fitness across different environments (Lynch 1984) , but it is now recognized that they can also contain high levels of genetic variability and comprise specialist genotypes adapted to different conditions ( Vrijenhoek 1984; Harshman & Futuyma 1985; Fox et al. 1996; Weeks & Hoffmann 1998) . Genotypes can predominate on different hosts or at different times of the year. Parthenogenetic lineages appear capable of exploiting specific niches (Vrijenhoek 1984; Weeks & Hoffmann 1998) , and the agricultural environment potentially provides a stable distribution of such niches.
Pests are nevertheless faced with unique sets of selection pressures in agricultural environments. In particular, the application of agricultural chemicals provides novel selection pressures to which pests have to adapt. Although parthenogenetic lineages can differ in susceptibility to pesticides (Umina & Hoffmann 1999) , the rates of adaptation will be slower than in sexual species. Therefore, insecticide resistance development is likely to be of less concern in parthenogenetic species, particularly if the resistance involves multiple loci as opposed to single mutational steps. Parthenogens may even have higher inherent rates of resistance to pesticides, as in the case of parthenogenetic earth mites when compared with their close sexual relatives (Umina et al. 2004 ), but ongoing evolutionary responses are likely to be slower. Given that sexual reproduction is thought to be at least partly selected through parasites and pathogens (West et al. 1999; Jokela et al. 2003; Kumpulainen et al. 2004) , parthenogenetic pests might be particularly susceptible to control by Metarhizium and other biological control agents. In natural populations, sexual forms of species appear to be more persistent in environments where there is a high load of pathogens and parasites ( Jokela et al. 2003) , and this factor might be exploited in controlling parthenogenetic pests.
In summary, parthenogenesis appears to be relatively more common among pests than among non-pest groups of insects and mites, at least in those taxa where asexual and sexual species are found. This is consistent with the advantages parthenogenetic organisms are likely to have over sexuals in stable and resource-rich environments. Different control strategies might be implemented against parthenogenetic pests than for sexual species, such as through pesticides where resistance mechanisms require responses through multiple genes and/or biopesticides. This might eventually produce shifts in pest complexes away from parthenogenetic pests in crops that are sprayed or that carry multiple gene resistance mechanisms.
